Abstract. This paper describes an original approach dealing with AC/DC winding design in electrical machines. A research software called "ANFRACTUS Tool 1.0", allowing automatic generation of all windings in multi-phases electrical machines, has been developed using the matrix representation. Unlike existent methods, where the aim is to synthesize a winding with higher performances, the proposed method provides the opportunity to choose between all doable windings. The specificity of this approach is based on the fact that it take only the slots, phases and layers number as input parameters. The poles number is not requested to run the generation process. Windings generation by matrix representation may be applied for any number of slots, phases and layers. The software do not deal with the manner that coils are connected but just the emplacement of coils in each slot with its current sense. The waveform and the harmonic spectrum of the total magnetomotive force (MMF) are given as result.
Introduction

Context of this Paper
Winding is one of the most important and critical elements of electrical machines. The way that the coils are distributed in the slots directly affects the MMF distribution and, therefore, the electromagnetic performances of electrical machines [1] [2] [3] . In order to achieve the desired performances for a given application, several types of windings are developed and studied, viz. [4] [5] [6] [7] [8] [9] [10] : full-pitch winding, shortpitch (or chorded) winding, long-pitch winding, concentrated around teeth winding, distributed winding, wave winding, winding with one-two speeds, winding with dead coils, basket windings, skein winding, flat loop non-overlapped winding, flat loop overlapped winding (chain winding), skew winding, diamond winding, involute coil winding [4] , toroidal winding [5, 6] , drum winding [7] , helical (or Faulhaber) winding [8, 9] , rhombic winding [10] , Gramme-ring winding etc. All such windings can be single or two layers, multi-phases, and (non-)symmetrical. However, windings with multi-layers are possible, some studies are made for showing the influence of increasing the number of layers (three and four layers) on performances of concentrated windings for fractional-slot machines [11] [12] [13] [14] [15] .
In order to synthesize a winding with high performance, analytical methods have been developed. In 1917, a complete mathematical treatment of the MMF produced by multi-phases armature windings was made using Fourier series decomposition and the content of spatial harmonics was investigated [16] . In [17] [18] [19] [20] , the differential leakage was studied for (un)balanced, (ir)regular, and (a)symmetrical windings using Goerges vector diagrams (or polygons) [17, 19] or the "Star of slots" method [20] . To calculate the properties of the distribution factor of armature windings, [21] represented the back electromotive force or the MMF of coils by the arrangement of vectors (viz., "Star of slots" method). This method was presented with the purpose of laying out balanced wave windings for any number of slots per pole per phase (i.e., the integral-/fractional-slot machines) [22, 23] , well explained by [24] . To obtain a layout of concentrated winding with a highest winding factor, [25] and [26] have presented a method based on the decomposition of the number of slots per pole per phase. It is similar to the method used for fractional-slot synchronous machines [27] . [28] has proposed a new algorithmic method enabling the design and the analysis of windings for fractionalslot AC machines by representing it with a matrix, where the rows correspond to the phase-belts and the columns are assigned to the slots of the machine. Using symmetrical-component theory, a balanced winding can be obtained from a combination of unbalanced winding components [29] . This new method is applicable for all multi-phases windings in fractional-slot machines. To predict the balanced winding influence on the mutual stator inductances in multi-phases AC machines (without considering dimensional parameters and from the knowledge of the phase, pole and slot numbers), the matrix modeling method can be used [30] . Other techniques for the improvement of an existing winding are implemented. It is shown in [31] that the stator slot-opening influence the amplitude of harmonics in the MMF distribution. To cancel some undesirable harmonics (e.g., the additional stator MMF sub-and super-harmonic components that lead to higher losses in the rotor as well as saturation effects) in fractional-slot machines with concentrated windings, a concept called stator shifting is investigated by [32] . This technique has been applied to a six-phases permanent-magnet machine with low space harmonics for electric vehicle application [33] . The idea is to shift two identical stators having a single layer winding by an angle, thus a two layers winding is formed and in this angle of offset, some spatial harmonics are thus eliminated. Another technique based on using stator coils with unequal size (unequal number of turns in the two layers) allow the improvement of the air-gap field waveform [34] .
The need to develop software dealing windings design has grown interest in recent years, but few software are developed. The aim is to automatically synthesize a winding with high performances. For examples, [35] [36] [37] developed an application linked to a finite-element program, which offers the possibility to compare different symmetrical windings. [38] proposed an automatic method to determine the optimal winding whose the principle is based on a generalized harmonic winding analysis combined with a multiobjectives genetic algorithm. An educational software for designing wire winding of electrical machines using MATLAB is created by [39] . Educational web-based design tools calculate the winding factor [40, 41] . Software based on the "Star of slots" method (viz., scheme or formulas) are developed by L. Alberti (i.e., "Koil 1.1.0") [42] and by A.O.D. Tommaso [43] . Figure 1 shows the input parameters and results of existing tools in comparison with the new AC/DC winding design tool called "ANFRACTUS Tool 1.0". The research software, based on the matrix representation, consists of obtaining all mechanically doable windings. Unlike existing tools, this approach does not require the poles number for generating all windings, it requires only slots, phases and layers number as input parameters. The polarity will be considered after obtainment windings to eliminate those that do not produce the electromagnetic torque. The aim is to find all feasible windings, and then select the most suitable for a given application. The advantage of this method is that it is applicable regardless of the number of slots, phases and layers and generates all types of windings having juxtaposed/superposed coils in slots, viz., (un)balanced/(ir)regular/(a)symmetrical windings.
Objective of this Paper
Special technical terms used to describe the method, the matrix representation, and the flowchart explaining this methodology are described in Section 2. A simple example is given to well explain steps of automatic generation of all windings in electrical machines. In Section 3, a new notion of coils disposition is explained, i.e., juxtaposed/superposed coils in slots. Unconventional windings with unequal span are briefly presented. Finally, the graphical user interface as well as an example showing the capability of the tool are presented.
Basis of the method
Technical Terms
Winding and matrix parameters
The analogy between winding and associated matrix parameters as shown in Table 1 , allow representation of any winding by a matrix, and obtainment of a winding from any matrix. Those parameters allow just the construction of the matrix shape. The filling of the latter, which mean distribution of coils in slots, require the knowledge of the winding layout. It should be noted that the dimension of the winding connection matrix [Cw] , which represents the windings distribution, is equal to m · Q s · L y composed to N cond where Q s , m, L y , and N cond are respectively the number of slots, phases, layers, and coil sides per phase.
Applications:
• Q s = 6, m = 3, and L y = 1: [Cw] of dimension 3 × 6 with N cond = 2; 
Number of forward (+1) and return (−1) conductors per phase Table 1 . Analogy between winding and matrix parameters. Figure 2 illustrates the coils disposition in slots for single and two layers winding. For single layer winding (see Figure 2a) , each slot contain only one coil side. Therefore, the notion of coils dispositions is not visible. In two layers windings, the coils disposition may be juxtaposed (see Figure 2b ) or superposed (see Figure 2c ). No winding design tools dealing with this difference between the dispositions has been indexed in the literature. Some examples are given in Section 3.1 to demonstrate this difference.
Coils disposition in slots
Twins windings
To eliminate similar windings at the time of generation process, the notion of twins windings has been introduced. Twins windings are obtained either by rotation of stator (or winding) (see Figure 3b) and/or by inversing it (inverse of current sense) (see Figure 3c ). Twins windings are the same with their counterpart windings (see Figure 3a) in terms of physics performances, so the algorithm can detect and eliminate them.
Matrix Representation
The matrix representation allow connection of coils into phase-belts, this notion was introduced by [28] for designing of fractional-slot windings. In this paper, an amelioration was made to include any number of layers. The matrix rows represent m-phases, while the columns correspond to Q s × L y . The elements ij of the winding connection matrix are defined as follows:
(1)
For example, this general representation is applied to some windings as shown in Figure 4 , where the feasibility notion is introduced. A feasible single layer 
column's elements = |1|.
The first condition means that the number of coils sides must be even. In other words, for each positive current (+1) a negative one (−1
Flowchart of the Methodology
In this study we used only one vector (one phase) to represent a winding, other phases are been deduced by shifting, with this vector we can get all possible windings by permutation. To minimize the number of possibilities before the process of elimination of the non-feasible windings, only the position of sides coils are taken to generate windings (i.e., no negative sign in the vector). Figure 5 represents the flowchart of the methodology showing gradually the process of the generation associated.
• Stage 1 (Generation step): DATA : The user will be able to enter three parameters {Q s ; m; L y } (no need to poles number 2p); A first vector will be obtained according to parameters chosen above; All permutation will be made for the first vector and a matrix containing twins, the (non-)feasible windings are obtained; Twins windings will be eliminated, so only unique vector of each winding is kept; According to conditions of feasibility, non-feasible windings will be eliminated; Assignment of sense of current to coils and a final matrix containing unique feasible windings is been obtained.
• Stage 2 (Elimination step according to the number of pole pairs):
By selecting a number of pole pairs, the tool will eliminate windings do not producing torque according to the choice of the coils disposition in slots (viz., juxtaposed/superposed coils in slots).
• Stage 3 (Post processing step): This stage concern the post process, viz., the winding drawing (or diavol.
no. / Automatic Winding Generation gram), the waveform and the harmonic spectrum of the total MMF at ωt = 0. Application (Q s = 6, m = 3, and L y = 1).
• Stage 1: For this example, the initial vector is 1 1 0 0 0 0 . We obtain:
All possible permutation of the vector: 
Assignment of current sense in coils: It is interesting to note that the twins windings by inversion (see Figure 3c ) have been eliminated, viz.,
• Stage 2: At the end of the first stage, we obtain two unique feasible windings from data chosen. The first one is a concentrated winding and the second is a full-pitch winding. To be able to eliminate or not eliminate a winding according to the number of pole pairs, a spatial harmonic calculation of those windings is necessary. The amplitudes for each harmonic order are given in Table 2 . As known in three-phases electrical machines, the poles number equal to 2p = 3k with k = 0, 2, 4, . . . do not produce torque because spatial harmonics associated are null (h = 3n with n = 0, 1, 2, 3, . . .). This concept is used in the tool to eliminate windings who do not produce torque with the number of pole pairs selected. For this example: • Stage 3: This stage concern the post process, viz., the winding drawing (or diagram), the waveform and the harmonic spectrum of the total MMF at ωt = 0.
It is obvious that this method is applicable for any slots, phases and layers number and allow getting all possible windings. This approach give the poles number compatible with the selected parameters, wich is an interesting data in the electrical machines design (see Table 2 ). The limited volume of the paper caused the restriction of the presented winding for the simple one. For example, {Q s ; m; L y } combinations give:
• {12; 3; 1} generate 23 feasible windings, by entering p = 1 → 21 windings that produce torque.
• {24; 6; 1} generate 162 feasible windings, by entering p = 2 → 132 windings that produce torque.
• {6; 3; 2} generate 45 feasible windings, by entering p = 2 → 34 windings that produce torque.
• {9; 3; 2} generate 831 feasible windings, by entering p = 1 → 814 windings that produce torque.
• {6; 3; 3} generate 1, 260 feasible windings, by entering p = 2 → 1, 027 windings that produce torque.
• {8; 4; 3} generate 5, 139 feasible windings, by entering p = 1 → 4, 851 windings that produce torque.
Poles number, 2p
Harmonic order Table 2 . Amplitudes for each harmonic order of the two resultant windings.
• {10; 5; 3} generate 15, 710 feasible windings, by entering p = 2 → 9, 164 windings that produce torque.
Noting that windings selected will be able to produce torque even if is a low torque.
Results and Discussions
Juxtaposed and Superposed Coils in Slots
To the best of our knowledge, there is no paper referring to the way that coils are disposed in slots, i.e., the juxtaposed/superposed coils in slots. All studies of windings are based on the superposed coils, the coils sides are taken as a same point in the middle of slot. In this section, we demonstrate by examples that the two dispositions are different in terms of the total MMF waveform as well as the harmonic spectrum, so on the electromagnetic performances (rotor eddy-current losses, back electromotive force, torques, . . . ). The study is made for a sinusoidal alimentation and star-connection. However, other current types and connections may be used. The waveform of the MMF along the air-gap is traced with respect to the following assumptions, viz., the slotting effects are neglected and the iron permeability is supposed infinite. For the superposed disposition, the two coils are on the same vertical axis (see Figure 6a) . The two coils in a single slot are assimilated to a point in a middle of the slot, therefore crossed at the same instant by associated currents. Hence, a rectangular waveform of MMF is obtained. In the case of juxtaposed disposition, the two coils are on the same horizontal axis and spaced by β on the vertical axis (see Figure 6b) . Unlike the first case, each coil is assimilated to a point centered in the semi-slot. Since, associated currents do not cross at the same instant the two coils of each slot, which resulting in a stairs waveform of MMF. The aim of this study is not to rule on the choice of the best disposition, but to show the difference between the two dispositions, in terms of spatial harmonics content. The total MMF as well as harmonics spectrum are given for the two windings with the two dispositions (viz., superposed and juxtaposed).
For the following two examples, the objective is not to design the best disposition, but to highlight the existent difference between those dispositions. Example 1. It shows a stator having 6-slots with a two layers full-pitch winding. The superposed and juxtaposed winding are represented in Figure 7a . The waveform and the harmonic spectrum of the total MMF for the two windings are respectively given on Figure 7b and Figure 7c . The fundamental has the same amplitude for both of the two dispositions, while amplitudes of others harmonics are reduced, or even cancelled for juxtaposed winding in regards to the superposed one. 
Windings with Unequal Spans Coils
As noted above, the purpose of our work is to cover the entire range of mechanically feasible windings. For this reason, windings having unequal span's coil are not eliminated. Figure 9 shows an example of winding with unequal span's coil. In the literature, no special study is done for this unconventional winding.
Graphical User Interface (GUI)
The GUI of the research software, allow introducing data of an electrical machine's winding (i.e., Q s , m, and L y ). The first output is the number of possible windings. The next step consist on defining the number of pair poles p and the second output is the reminding windings able to produce torque with the chosen p. Finally, the winding drawing (or diagram), the waveform of the total MMF and its harmonic spectrum are given. The remainder of this paper will be devoted to one example of "ANFRACTUS Tool 1.0". Figure 10 illustrates results of the winding studied. 
Conclusion
An automated procedure for winding generation based on the matrix representation has been presented. The research software is called "ANFRACTUS Tool 1.0". The latter allow two inputs, the first one is about the winding generation process and only a few parameters are required, such as the slots, phases and layers number. The second input consist of poles number and do not interact in the generation process. The method used is well explained in details, flowchart with an example are given to best comprehension of the approach. It is clear that is applicable with all input parameters (viz., slots, phases and layers number). The tool allows the adequate choice of winding by comparing spatial harmonic content for each winding obtained after the generation process, also the waveform of the total MMF. The vector representing the first phase is displayed with the winding drawing (or diagram). The user will be able to review all possible windings and have a global idea for the choice to make. The concept of juxtaposed and superposed coils is introduced, thereby a comparison of the same winding with the two disposition is possible.
The tool is under a continuous amelioration and in ulterior versions, the software will be linked with an (semi-)analytical model to perform the optimal design of electrical machines, estimate the copper mass used, calculate self-/mutual-inductances. The tool take as output parameters, the feasible windings represented by matrix. Hence, a connection with a semi-analytical model, based on subdomain technique [44] or magnetic equivalent circuit [45, 46] , is possible. Since this latter have matrix representing the winding, as an input parameter. The winding factor estimation will be associated by another tool (under finalisation stage). This latter will be linked with this one exposed in this paper.
A perspective may be applied as an alternative of this one presented, it consists to determine the associated winding from the waveform of the magnetic flux density. We have not yet developed this method; it will be studied after more reflection.
